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(54) Title: TURBO PRODUCT CODE DECODER 
(57) Abstract 



The present invention 
is a turbo product code 
de code r cft|Yflhfe of decoding 
multidimensional coding 
schemes. The decoder may 
be implemented in any digital 
communication system capable 
of receiving an encoded 
stream of data. The decoder 
is configured for receiving soft 
decision values. The decoder 
iteratively decodes the data by 
generating new soft difference 
values for each axis-iteration 
of decoding. These soft 
difference values represent the 
change in soft decision values 
after each axis-iteration. Hie 
soft difference values from 
each axis-iteration are then 
summed with the original soft 
decision values in decoding 
each of the other axis. After 
any full iteration — i.c after 
all axis dimensions have been 
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decoded one full tune, the previous difference values for any axis are discarded when that axis is decoded in subsequent iterations. 
Accordingly, the same information is not continuously fed into the decoder during each subsequent iteration, thereby decreasing the 
likelihood of error and offering an improvement over prior decoders. Moreover, using unique nearest neighbor computation logic, the 
decoder of the present invention is able to generate valid nearest neighbors more efficiently without requiring the use of a look-up table, 
thereby reducing the amount of time required to decode, Finally, the decoder of the present invention utilizes four decoders arranged in 
parallel along with a unique memory array accessing scheme such that multiple rows or columns may be decoded at the same time, 
thereby increasing the data throughput time of the decoder over prior turbo product code decoders. 
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Field of the Invention 

The invention generally relates to the field of linear block codes. More particularly, 
the invention relates to a soft decision turbo product code decoder for error correction 
decoding. 

Background of the Invention 

Recently, error correction decoding techniques for recognizing and correcting errors 
in digital signal transmission have been used in many fields to improve the reliability of 
data transmission. One such technique is known as Error Corrective Coding (ECQ. The 
basic concept of ECC is to add redundant bits to a digital message in order to eliminate the 
need for retransmission of the data. This addition of redundant bits to the message is 
known as Forward Error Correction (FEC). The addition of these redundancy bits allows a 
decoder at die receiving end to detect and/or correct errors that might have been caused 
during transmission* . 

There are several methods employed in adding redundant bits to a message, and one 
such method is known as block coding. In block coding, the data or message to be 
transmitted is broken into smaller blocks and each block is coded separately - i.e. 
redundant bits are appended to the end of each block of data. On the receiving end, each 
block of data is decoded separately. Block coding has been used in many practical 
applications, including magnetic and optical storage systems, as well as mobile 
communications systems, such as cellular phones. Familiarity with the terminology used in 
block coding is important in understanding the present invention. In preparation for the 
description contained herein, the basic principles and terminology behind block coding shall 
be briefly described. 

A block code is often described as an (njc) code, wherein n is the total number of 
bits in the encoded transmission block and k is the number of bits in the unencoded 
message block. Accordingly (n-k) redundancy bits, also known as parity bits, have been 
added to the message block when it is encoded before transmission. In a block code, every 
legitimate unencoded message differs from every other legitimate unencoded message by a 
minimum number of bit positions. We refer to this number of bit positions by which every 
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legitimate unencoded message differs as the Hamming distance d^. In order to correct 
single bit errors, a block code must have a minimum Hamming distance of at least 3. 

Binary Hamming codes are a well known family of codes used in the art of error 
correction which provide FEC by using a "block parity" mechanism, wherein a number of 
redundancy or parity bits are appended to each block of data before transmission. The 
number of parity bits required to be appended for a given block is defined as the Hamming 
rule, and is a function of the total number of bits which may transferred - i.e. the 
bandwidth. A code obtained by appending an (even) extended parity bit onto a binary 
Hamming code is called an extended Hamming code. 

Product codes arrange two dimensional codes (n,k) into (n x n) size arrays. First, k 
blocks of data, with each block being a length k, are stored in a (k x k) array. Each row 
and column is then encoded with redundancy bits or ECC and the (even) extended parity 
bit is appended to each row and column, thereby creating an Extended Hamming Product 
code For example, the following diagram shows an (8,4)x(8,4) Extended Hamming 
15 Product Code, where *D' represents original data, TE" represents the ECC or redundancy 
bits, and n P n represents the extended parity bit 
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25 As can be seen, each row and column ends with a parity bit P. 

The conventional method for decoding an Extended Product Hamming Code after 
transmission is to receive incoming data, store it in an array and decode each row or 
column of the array separately using maximum likelihood decoding. Typically, this is 
accomplished through the use of a look-up table which includes every legitimate valid 

30 message. In the decoding process, the data is compared to each entry in the look-up table 
i.e. all of the possible valid messages within the table, after the parity and redundancy bits 
have been removed. If the Hamming distance d^ is large, than the likelihood of error in 
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choosing the right message from the table is reduced. However, if the Hamming distance 
is small, then the likelihood of error increases. Full correlation decoding of one row 
. or column in a product code requires comparing the data with the full set of possible 
transmitted codewords. For an (8,4) code, this only requires a comparison with 16 possible 
5 transmitted codewords. However, for a (64, 57) code, there are 1 A x 10 17 possible 

transmitted codewords, making a full correlation with the use of a look-up table unfeasible. 

Additionally, error correction decoding techniques acquire increased value when 
they not only accurately estimate the content of the original message; but, also provide 
confidence measures as to the likelihood that the decoded message is correct. Such 
10 information is generally referred to as "soft output information". As an example, in a soft 
output decoder, the decoder will receive an incoming block of data and attempt to decode 
the incoming block of data. After decoding the incoming block of data, the soft output 
decoder will assign a confidence value or measure to the output, indicating whether the 
decoder is more or less certain of the results. If the decoder assigns a high confidence 
15 value to the output, it is more certain that is has properly decoded the incoming block of 
data. However, if the decoder assigns a low confidence value to the output, it is less 
certain that the incoming block of data has been properly decoded - i.e. there may be more 
than one possible interpretation of the incoming block of data. 

A Soft In/Soft Out (SISO) decoder receives demodulated soft decision input data 
20 and produces soft decision output data. For each bit in the block of soft decision input 
data, the decoder examines the confidence of the other bits in the block, and using the 
redundancy of the code, generates a new soft decision output for the given bit If the 
redundancy of the code indicates that the output for the given bit is correct, the decoder 
will output a positive confidence value. If the redundancy of the decode indicates that the 
25 output for the given bit is incorrect, it will output a negative confidence value. The 

: negative value indicates that the confidence value for that bit should be decreased. This 
may mean that the bit should be inverted from a "1" to a "0 M or vice versa. 

Within the last decade, SISO decoders have been applied to a new decoding method 
called turbo codes. Turbo codes are an iterative decoding scheme which decode incoming 
30 data blocks in two or more dimensions (depending on the encoding scheme). Accordingly, 
by way of example, incoming data may be stored in an array and decoded by row and 
column. When the iterative decoding is applied to product codes of extended Hamming 
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Codes the resultant code is called a tiirbo product code. A conventional turbo product 
decoder feeds demodulated soft decision data into the SISO for the first dimension (i.e. the 
x-rows). The output is then summed with the original demodulated soft decision data and 
fed back into the SISO for decoding of the second dimension (i.e. the y-columns). The 
5 output from the SISO is again summed with the original demodulated soft decision data 

and fed back into the SISO for decoding of the first dimension once again (i.e. the x-rows). 
In order for this iterative decoding process to be effective, the data must have been 
encoded in at least two different dimensions (i.e. it was stored in an array and the rows and 
columns of the array were each encoded). Typically, this is done by encoding the data 

10 horizontally (rows) and vertically (columns). 

Typically, each iteration in the decoding process modifies the confidence or soft 
decision value assigned to each bit since die data is slightly modified through each 
horizontal and/or vertical decode iteration. This is usually done by generating a new 
confidence or soft decision value after each iteration. Eventually, the confidence or soft 

15 decision value will be pushed higher or lower until a hard decision value (bit value of 0 or 
1) can be reached. This iterative process continues until a hard decision value for each bit 
is reached. , 

It is understood that when decoding in more than two dimensions, each dimension 
may be decoded using a different decoding scheme or algorithm (i.e. the rows and columns 

20 may not have necessarily been encoded using the same encoding scheme and, accordingly, 
a different decoding scheme may be used for decoding rows versus decoding columns). 
Moreover, if decoding in more than two dimensions, then each axis or dimension will be 
fully decoded before beginning again with the first axis (i.e. all x-rows will be decoded, 
then all y-columns will be decoded and, finally, all z-columns must be decoded before 

25 beginning the second full iteration). Thus, for example, when decoding a three 

dimensional scheme with an x-axis, a y-axis and a z-axis, the x-axis is first decoded. The 
results from the x-axis decoding are then summed with the original demodulated soft 
decision data and fed back into the decoder for decoding of the y-axis. The results from 
the y-axis decoding are then summed with the results from the x-axis and the original 

30 demodulated soft decision data, and the result if fed back into the decoder for decoding of 
the z-axis. Finally, after the z-axis has been decoded, the results from die z-axis decoding, 
the previous y-axis decoding results, the previous x-axis decoding results, and the original 
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demodulated soft decision data are summed and the resultant is fed back into the decoder 
for decoding along the x-axis for a second iteration. Thus, between decoding of each axis 
the results for all previous decoding in other dimensions will be summed with the original 
demodulated soft decision data, 

5 One problem which exists with this prior art technique is the recurring use of the 

original demodulated soft decision data. The fundamental principle for iterative decoding 
feedback is to avoid feedback which includes information which stems from the input. 
This is important because the error of any decoder will be highly correlated between future 
iterations if the feedback includes information which stems from the input This prior art 

10 technique for turbo decoding continuously sums the output from each previous iteration 

with the original demodulated soft decision data, thereby increasing the likelihood of error 
in subsequent iterations. Accordingly, what is needed is a turbo decoding scheme which 
does not rely upon the previous iteration results in subsequent iterations. 

Additionally, much like the product coding scheme described earlier, conventional 

15 turbo coding/decoding techniques rely heavily upon the use of look-up tables in order to 
generate valid "nearest neighbors' and assign soft decision values. Once again, -full ; 
correlation decoding of each axis requires comparing the received soft decision data with 
the full set of possible transmitted codewords. As explained earlier, there are 2 k possible 
codewords transmitted for an (n, k) code. Accordingly, in order to fully decode an (8,4) 

20 code, each individual axis would require a comparison with only sixteen transmitted 
codewords. However, for a (64,57) code, there are l r 4xl0 17 possible transmitted 
codewords, making a full comparison with each possible codeword unfeasible. Some prior 
art decoders reduce the size of the look-up table but require a kxk size table. Accordingly, 
what is further needed is a decoding scheme which does not require the use of look-up 

25 tables to find the valid "nearest neighbor" and assign soft decision values. 

Summary of the Invention 

The turbo product code decoder of the present invention generates soft difference 
values, instead of new confidence values, in order to improve performance. The difference 
30 between prior art decoders and the present invention lies in the fact that these soft 

difference values have the soft decision value of the input subtracted from the confidence 
value output After any full iteration — i.e. after all axis (x, y and z) dimensions have been 
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decoded, the previous difference value for any axis is discarded when that axis is decoded 
in subsequent iterations. Accordingly, the same information is not continuously fed into 
the decoder during each subsequent iteration, thereby decreasing the likelihood of error and 
offering an improvement over prior art decoders. 
5 Moreover, using unique nearest neighbor computation logic, the turbo product code 

decoder of the present invention is able to generate valid nearest neighbors more efficiently 
without requiring the use of a look-up table, thereby reducing the design size. Finally, the 
turbo product code decoder of the present invention utilizes four decoders arranged in 
parallel along with a unique array accessing scheme such that multiple rows or columns 

10 may be decoded at the same time, thereby increasing the data throughput time of the turbo 
product code decoder of the present invention over prior art turbo product code decoders. 

The present invention is a tmbo product code decoder capable of decoding multi- 
dimensional coding schemes. Hie turbo product code decoder of the present invention may 
be implement in any digital communication system capable of receiving an encoded stream 

IS of data. The digital communication system will preferably include a conventional 

demodulator which receives the encoded stream of data, demodulates the encoded stream of 
data and generates an initial soft decision value for each bit in the encoded stream of data. 
This initial soft decision value may be in a signed or unsigned 2's complement notation, 
with the sign (+) or (-) representing a determination as to whether the bit is a binary "1" or 

20 "0" and the numerical value representing an initial confidence level in such determination^ 
These initial soft decision values are then output from the demodulator and fed into the 
turbo product code decoder of the present invention. 

When decoding a two dimensionally encoded scheme - i.e. a stream of data which 
has an x-axis coding and a y-axis coding, the initial soft decision values are transmitted 

25 from the conventional demodulator to the turbo product code decoder of the present 

invention, where they are preferably deinterleaved and arranged into four soft value words 
which are stored in a two dimensional original memory array of x-rows and y-columns. 
The original memory array is preferably arranged in four iiy rows each having nJ4 words 
per row, where and iiy are the length of the x and y axes, respectively. The initial soft 

30 decision values are stored in the original memory array in foyr soft value words with each 
individual soft decision value being stored in the signed or unsigned two's complement 
notation. As explained above, the absolute or numerical value represents an initial 
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confidence level for each bit in the four vectors and the sign (+) or (-) represents an initial 
hard decision bit value determination as to whether the bit is a binary "1" or a binary "0", 
wherein a (+) sign represents a bit value of "1" and a (-) sign represents a bit value of "0". 
The initial soft decision values in the x-rows of the original memory array, which 
5 represent the x-axis coding, are then read from the array into a SISO group which includes 
four separate SISO decoders arranged in parallel. These values are read from the original 
memory array on a row by row basis using a unique accessing scheme. This unique 
accessing scheme shall be described in greater detail; but, for now, it is understood that the 
initial soft decision values are accessed from the original memory array on a row by row 
10 basis such that four rows or column vectors can be decoded in parallel using the four SISO 
decoders - with each SISO decoding row or column vector. 

These four SISO decoders utilize improved nearest neighbor computation logic to 
generate nearest neighbors for the four vectors in the codeword without using look-up 
tables. The "closest" nearest neighbor is men selected by calculating a difference metric 
15 for each nearest neighbor and selecting the nearest neighbor having the lowest difference 
metric. Each bit in the "closest" nearest neighbor is men asdgned a "dirB^ce" value 
which is based upon a numerical difference r^een a iiew confidence value calculated for 
that bit and the confidence value assigned to the bit in the same position in the incoming 
vector. " 

After all four rows have been decoded - Le. after a new dffierence value has been 
assigned to each bit in the "closest" nearest neighbor, four er^ vector 
new difference values in each bit position. Each difference value is then multiplied by an 
x-axis feedback constant and the entire four rows are then stored by the data multiplexer in 
a temporary difference array. Each bit in the four output vector is stored in signed or 
25 unsigned two's complement notation, with the numerical value in each bit position 

representing the change in confidence level and the sign (+) or (-) representing the degree 
of change. This process is repeated for all rows in the product code. 

The information in the temporary difference array is then summed with the initial 
soft decision values which are stored in columns of the original memory array, thereby 
30 generating new input data which is men fed back into the SISO group for decoding by. the 
four SISO decoders. Once again dris is done using a unique accessing scheme which shall 
be discussed in greatrer detail herein; but, for now, it is understood that the initial soft 
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decision values stored in the columns (the y-axis data) of the original memory array is read 
on a column by column basis where is summed with the information in the temporary 
difference array. Using this new input data, the y-axis data is decoded. 

Once again, the four S1SO decoders are used to generate nearest neighbors and the 

5 ^closest" nearest neighbor is again selected. Each bit in the closest nearest neighbor is 

then assigned a difference value based upon a difference between a new confidence value 
assigned to the bit and the confidence value of the bit in the same position in the new input 
data. Four new vectors are generated and each difference value in each output vector is 
multiplied by a y-axis feedback constant The new output vectors are stored in the 

10 temporary difference array, overwriting the difference values for the output vector from the 
decoding of the rows which were previously stored after the x-axis iteration. This process 
is repeated for all columns in the product code. 

The information in the temporary difference array is once again summed with the 
initial soft decision values stored in the rows of the original memory array (the x-axis 

15 data), and the result is fed back into SISO group on a row by row basis. This iterative 

process of decoding rows (x-axis), then columns (y-axis) and then rows (x-axis) is repeated 
between the rows (x-axis) and columns (y-axis), for k full iterations, wherein a full 
iteration represents a single pass through the decoder of both the x-axis (rows) and y-axis 
(columns). 

20 After the final full iteration, the difference values in the new output vectors for the 

y-axis are multiplied by the y-axis feedback constant and, instead of being stored in the 
temporary difference array , these values are then summed with the information stored in 
the difference array (which should be the difference values from the previous x-axis 
iteration) and the initial soft decision values stored in the original memory array (original 

25 x-axis and y-axis data) in order to generate final output values. These final output values 
will be in a signed two's compliment notation, with the sign representing the actual binary 
bit value of "1" or "0" and the numerical value representing a final confidence level. 
These final output values are then converted into a decoded output data stream of binary 
"IV and "0V\ 

30 The turbo product code decoder of the present invention can also be used to 

decoded data streams which have been encoded with three dimensional coding schemes or 
higher. For example, when decoding a three dimensional code, the initial soft decision 

8 
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values are transmitted from the conventional demodulator to the turbo product code 
decoder of the present invention, where they are deinterleaved and stored in the original 
memory array, with n, times n, rows with each row containing nJA words . 

The decoding process proceeds in much the same way as a two dimensional 
5 scheme; however, when decoding a three dimensional code, the output from the two 

previous axis iterations are each stored in separate difference, arrays and then summed with 
the initial soft decision data in order to generate the input for each subsequent iteration. 
For example, on the first iteration of decoding the x-axis, the output difference values will 
be multiplied by an x-axis feedback constant and stored in a first difference array. The 
10 information in the first difference array will then be summed with the initial soft decision 
values in the y-columns of the original memory array in order to generate the input values 
used for the y-axis iteration, and the y-axis iteration will begin. 

Upon completion of the y-axis iteration, the output difference values which result 
from decoding the y-axis wffl be multiplied by a y-axis feedlwk cc^t and stored in a 
15 second difference array. Then, the information from the first difference array (the x-axis 
iteration difference values), the information in the second difference array (the y-axis 
iteration difference values), and the original incoming data will then all be summed in 
order to generate the input for the z-axis iteration. Once the z-axis has been decoded, the 
output from the z-axis iteration will be multiplied by a z-axis feedback constant and stored 
20 m the first difference array, overwrh^ 

was previously stored in the first difference array. 

Subsequently, me information from the first difference array (the z-axis iteration 
results) and the second difference array (die y-axis iteration results) will then be summed 
with the original incoming data for me x-axis (which is stored m the first sixteen rows of 
25 the original memory array) in order to generate the input for the second x-axis iteration. 

Once the x-axis has been fully decoded for a second iteration, the output difference values 
are once again multiplied by the x-axis feedback constant and this time stored in the second 
difference array, overwriting the output from the previous y-axis iteration. 
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This process of iteratively decoding each axis continues with the output difference 
values from the SISO group being multiplied by the appropriate feedback constant and 
written, alternately, to the first and second difference arrays, such that as each axis is 
decoded, the previous results from the iterations of the other two axes are stored in the 
difference arrays. 

The decoder can run a pre-programmed number of iterations, or it can determine 
when the decoding operation is completed using a stop iteration criteria. Using the status 
from each SISO, the decoder can determine that future iterations will not further modify 
the data. At this point, it completes one final iteration to sum all axes differences values 
with the initial soft decision values and generats a hard decision output 

After the final full iteration, when all axis (x, y and z) have been decoded, the 
output difference values from the final z-axis iteration are multipled by the z-axis feedback 
constant and summed with the previous x-axis iteration difference values (which should 
still be stored in the first difference array), the previous y-axis difference values (which 
should still be stored in die second difference array) and the initial soft decision values 
stored in the original memory array, thereby generating final output values. These final 
output values will be in a signed two's compliment notation, with the sign representing the 
actual binary bit value of "1" or "0" and the numerical value representing a final 
confidence level. These final output values are then converted into a decoded output data 
stream of binary "IV and "OV. 

Brief Description of the Drawings 

Figure 1 shows a block diagram for the preferred embodiment of the turbo product 
code decoder of the present invention when decoding a two dimensional decoding scheme. 

Figure 2 shows the process for using the turbo product decoder of the present 
invention to decode data which has been encoded using a two dimensional coding scheme. 

Figure 3 shows a block diagram for the preferred embodiment of the turbo product 
code decoder of the present invention when decoding a three dimensional decoding scheme. 

Figures 4 illustrates an example of the iterative decoding process for a bit stream 
which has been encoded with a three dimensional coding scheme. 

Figure 5 shows a block diagram for the computation logic of the SISO group in the 
preferred embodiment of the present invention which is used to identify nearest neighbor 
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codewords. ' 

Figures 6a and 6b show all the steps in the decoding process used by the SISO 
group in the turbo product code decoder of the present invention. 

Figure 7 shows a 2-dimensional memory army for implementation, within the 

present invention. 

retailed De^T*™" »** P^ WpH Embodiment 

The turbo product code decoder of the present invention includes a SISO group 
having four separate SISO decoders arranged in parallel, an original memory array, at least 
one difference array, and a data multiplexer. In the preferred embodiment, the turbo 
product code decoder of the present invention can be used to decode two or three 
dimensional codes with axes of variable length. It will be apparent to one of ordinary skill 
in the art that codes of even more dimensions can be handled according to the teachings of 

the present invention. 

In operation, the turbo product code decoder of the present invention is 
implemented in any digital communication system capable of receiving an encoded bit 
stream The digital communication system will preferably include a conventional 
demodulator which receives the encoded bit sirearn, demodulates the encoded bh stream 
and generates an initial soft decision value for each bit in the encoded bit stream. This 
initial soft decision value may be in a signed or Unsigned 2's complement notation, with 
the sign <+) or <-) representing a deternunation as to whemer me bh is a binary "1" o^ 
and the absolute numerical value representing an initial confidence level in such 
deterrninatioh: These initial soft decidon value, are men output f^ 
fed into the turbo product code decoder of the present invention. 

The turbo product code decoder receives these initial soft decision values, 
deinterleaves them and stores them in an original memory array in groups of soft decision 
values or words. Preferably, these words are four values in length. Once all of the untml 
soft decision values for a block have been stored in the original memory, the SISO group 
begins the actual decoding process through an iterative decoding scheme. The number of 
iterations is fully programmable. Using unique nearest neighbor computation logic in order 
to facilitate the iterative decoding scheme, the SISO group is able to generate nearest 
neighbor codewords wihtout the use of a lookup table, choose the "closest" nearest 
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neighbor and generate an output codeword having soft differences value for each bit in the 
codeword, wherein these soft difference values represent a difference in soft decision 
confidence values for each bit per iteration. After each axis iteration, these soft difference 
values are multiplied by a feedback constant and stored in the difference array. Before the 
5 next axis iteration, the soft difference values stored in the difference array are summed 

with the original soft decision values stored in the original memory array. In this way, the 
turbo product code decoder of the present invention is able to minimize iterative feedback 
information. 

The structure and operation of the turbo product code decoder of the present 
10 invention shall now be discussed in greater detail. Figure 1 shows a block diagram of the 
turbo product code decoder of the present invention. As shown, an input module 10 is 
coupled to an original memory array 20. The original memory array 20 is further coupled 
to a data multiplexer 30. The data multiplexer 30 is further coupled to a difference array 
50, a SISO group 40, and a haxd decision array 60. The hard decision array 60 is further 
15 coupled to an output module 70. 

In operation, an incoming encoded bit stream is received by a demodulator (not 
shown) where it is demodulated and an soft decision operation is performed on this 
incoming encoded bit stream. The soft decision operation makes an initial determination of 
whether each bit in the incoming encoded bit stream is a "P x>r a "0" (a hard decision bit 
20 value) and assigns a soft decision confidence value to that determination. 

The soft decision confidence values and Use hard decision bit values are output by 
the demodulator. These values are input to the input module 10 of the decoder. The input 
module then assigns a sign to each soft decision confidence value based upon the hard 
decision bit value. The soft decision confidence values are output from the input module 
25 10 in a signed 2's complement notation, where the absolute numerical value represents the 
soft decision confidence value and the sign (+ or -) represents the hard decision bit value. 
A (+) sign represents a hard decision bit value of a binary "P, while a (-) sign represents a 
hard decision bit value of a binary "0". These soft decision confidence values are then 
stored in an original memory array 20. 
30 The original memory array 20 is preferably a single standard static RAM design 

memory array having a plurality of memory cells organized into two dimensions 
comprising rows and columns. Preferably each memory cell location within a single 
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columns is able to hold four soft values. The original memory array may be pardoned into 
segments or areas. 

The information in the original memory array 20 is stored in a T s complement 
notation, as either a +M or -M, therein M represents the confidence value, and the sign 
5 (+) represents a binary 1, while (-) represents a binary 0. 

After these soft decision confidence values have been stored in the original memory 
array 20 they are fed out through the data multiplexer 30 to the SISO group 40. This is 
done bysending the information from the original memory array 20 out on an x-row basis. 
The data multiplexer 30 feeds the x-row information to the SISO group 40 (which rs 
10 actually made up of four decoders arranged in parallel) using a unique accessing scheme so 
that each four soft value words in the row can be decoded in parallel by the four decoders. 
This unique accessing scheme shall be described in furmer detail r^low. fa 
embodiment, the present invention can handle up to four soft value words at one time, 
although h is understood that the turrx> product decoder of me present mv^ 
15 configured to handle a higher degree of parallelism (more SISOs). 

The decoder then decodes these initial soft decision values. The actual details of 
the decoding process are discussed in greater detail below; but, for now, it is understood 
that each SISO decoder in the SISO group 40 decodes by accepting the incoming vector 
and using the soft decision confidence values in the incoming vector to generate both a soft 
20 vector and a hard vector. The soft vector is comprised of the soft decision confidence 
values wihtout any (+ or -) signs, while the hard vcctcn is cov^^ of ^ hard 
decision bit values of binary "IV and "0's" which are dependent upon the sign of the each 
incoming soft decision confidence value. The SISO decoder then performs a series of 
manipulations and calculations on both the soft vector and hard vector in order to generate 
25 a plurality of nearest neighbor codewords which differ from the incoming vector by a 

predetermined number of bit positions. Preferably, the decoder is able to generate nearest 
neighbor codewords which differ from the hard decision decoded vector by four bit 
positions. Specialized nearest neighbor computation logic is used to perform thse 
manipulations and calculations in order to generate the nearest neighbor codewords wrthout 
30 the use of a lookup table. A difSarehce metric is then assigned to each of the nearest 
neighbor codewords and the nearest neighbor codeword having the smallest difference 
metric is then chosen as the -closest- nearest neighbor. Each bit in the "closest" nearest 
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neighbor is then assigned a new confidence value. Finally, difference values are calculated 
by comparing the new confidence value for each bit in the mth position in the "closest" 
nearest neighbor with the initial soft decision confidence value of the bit in the same mth 
position in the incoming vector. 
5 After the decoding process is completed for each group of four vectors in the x- 

rows, the SISO group 40 outputs the soft decision difference values for each bit in the four 
vectors. These soft decision difference values are output from the SISO group 40 and 
passed back through the data multiplexer 30, where they are each multiplied by an x-axis 
feedback value, and stored in the difference array 50. The information in the difference 
10 array 50 is also stored in a 2's complement notation, as either a +M or -M, wherein M 
represents the multiplied difference value and the sign (+ or -) represents the direction in 
change in confidence for the bit As an example, if the incoming soft decision confidence 
value had a (+) sign, representing a hard decision bit value of binary 1, then the soft 
decision difference value will have a (+) sign if the decoder determines that the bit value 
15 was a binary 1 and deserves a higher confidence. However, if the decoder determines that 
the bit may not be a binary 1, then the bit deserves a lower confidence value and the soft 
decision difference value will have a (-) sign. Likewise, if the incoming soft decision 
confidence value had a (-) sign, representing a hard decision bit value of binary 0, then the 
soft decision difference value will have a (-) sign if the decoder detennines that the bit 
20 value was a binary 0 and deserves a higher confidence. However, if the decoder 

determines that the bit may not be a binary 0, thm me bh deserves a lower confidence 
value and the soft decision difference value will be assigned a (+) sign. 

As is easily understood that unlike conventional turbo product code decoders, the 
soft difference values which are output from the decoder of the present invention represent 
25 a confidence differential between iterations rather than a new confidence value per 
iteration. Thus, when the difference values which are output after each iteration are 
summed with the original data, the result will be more accurate. The decoding process is 
repeated for n, groups of vectors in the block. 

Returning to the decoding process, the difference values from the decoding of the x- 
30 rows have how been multiplied by an x-axis feedback value and stored in the difference 
array 50. This information in the difference anay 50 is wen summed with the soft 
decision confidence values which are stored in the original memory array 20, thereby 
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creating y-axis input data comprised of a plurality of y-axis soft decision values. The y- 
axis input data is then fed back into the S1SO group 40, through the data multiplexer 30, 
„» ay-column basis. The dala multiplexer 30 feeds the y-axis input data to the S1SO 
group 40 in parallel using a unique accessing scheme so that each four columns can be 
5 decoded in parallel. This unique accessing scheme shall be described in further detatl 

below In the preferred embodiment, the present invention can handle up to four soft value 
words a. one time, although it is understood that the decoder may be configured to handle 
a higher degree of parallelism (more SISOs). 

Once again, the decoder decodes the y-axis soft decision values by accenting the 
,0 uKoming soft value and generating both a soft vector and a hardveco, Asexphuned 

earlier, the soft vector is comprised of the y-axis soft decision values without any ( + or -)^ 
signs while the hard vector is comprised of actual hard decision bit values of binary "1 s 
and «0V which are dependent upon the sign of the each incoming soft dedston values. 
The S1SO decoder then performs a series of manipulations and calculations on bom the soft 
15 vector and hard vector in order to generate a plurality of nearest neighbor codewords which 
differ from the incoming vector by a predetermined number of bi. positions. - Preferably 
the decoder is ab.e to genera* nearest neighbor codewords which differ from the soft value 
words by four bit positions. Specialized nearest neighbor computation logic ts used to 
perform thse manipulations and calculations in order to generate the nearest netghbor 
20 codewords without «be use of . lookup table. A difference metric is men assigned to each 
of the nearest neighbor codewords and me «^ neigl^ ccoewmd 1^ me smaUest ^ 
difference marie is the. chosen as the "closest- nearest neighbor. Each bi. in the "closest 
nearest neighbor is then assigned a new confidence value. Final.y, difference values are 
calculated by comparing the new confidence value for each bit in the mth position m the 
25 "closest" nearest neighbor with the incoming y-axis soft decision value of the bit tn the 
same mth position in' the incoming vector. 

After the decoding process is completed for the four vectors in the group, the S1SO 
group 40 will output soft decision difference values for the vectors. These soft dectston 
difference values are again passed back through the data multiplexer 30, where they axe 
30 each multiplied by a y-axis feedback value, and stored in the difference array.50. The old 
information from the decoding of the x-rows which was previously stored in the difference 
array 50 is overwritten with these new y-axis soft decision difference values. Once again, 
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the information in the difference array 50 is stored in a 2's complement notation, as either 
a +M or -M, wherein M represents the confidence value, and the sign (+ or -) represents 
the degree of change in confidence: The decoding process is repeated for n,, groups of 
vectors in the block. 

5 The information in the difference array 50 is then summed with the initial soft 

decision confidence values stored in the original memory array 20 and sent back into the 
SISO group 40 on an x-row basis. The decoding process then repeats. This iterative 
process of decoding x-rows and y-columns is continued for x full iterations, wherein jc is a 
predetermined number of iterations chosen by the user. 

10 The stop iteration criteria used by the decoder will now be described in detail. For 

each vector decoded by one of the SISO decoders, the SISO outputs a CORRECTION 
signal indicating that a hard decision correction was made on the vector. A hard decision 
correction occurs when either the input vector is corrected to a center codeword, or a 
nearby codeword has a smaller difference metric than the center codeword, and is therefore 

15 chosen for the output codeword. If neither of these conditions occur, then the SISO will 
not assert the CORRECTION signal. 

When all vectors for a given axis (x-rows, y-columns or z-columns) have been 
decoded by the SISOs, and no SISO indicates that a correction was made, then that axis is 
declared clean. The decoder keeps a running count of the clean axes. This count is reset 

20 for each axis that has a SISO indicate that a correction was made. It is incremented for 

each axis that has no corrections. When die count is equal to the number of dimensions in 
the block (2 or 3 in the preferred embodiment), the decoder declares the block decoded. 
At this point, one addition axis iteration is performed to sum all difference values with the 
initial soft decision values. This sum is converted to a hard decision output which is 

25 written to the Hard Decision Array. 

Upon completion of the xth iteration, the soft decision difference values output 
from the xth iteration are multiplied by the appropriate y-axis feedback multiplier and 
summed with the previous x-axis soft decision difference values, which should still be 
stored in the original memory array 20, in order to get a final confidence value for each bit 

30 (with the final sign of such value representing the binary 1 or 0). These final confidence 

values are then converted into hard decision values, consisting of binary "Vs n and "OV, by 
the data multiplexer 30 and written to a hard decision array 60. The hard decision values 
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. are then output from the hard decision array 60 through the output module 70. 

Figure 2 shows the complete steps in the decoding process for using the turbo 
product decoder of the present invention to decode data which has been encoded using a 
two dimensional coding scheme. As shown, the initial soft decision confidence values are 
5 received from a demodulator and stored in the original array (Step 1). The x-row data is 
then accessed from the original array (Step 2) and, if this is the first iteration (Step 3), the 
x-row data is decoded in order to generate x-axis iteration results (Step 5). The x-axis 
iteration results are then multiplied by the x-axis feedback constant (Step 6), and stored in 
the difference array (Step 7). 
10 The initial soft decision confidence values from the y-columns are then accessed 

from the original array (Step 8) and summed with the x-axis iteration results which are 
stored in the difference array (Step 9). The resulting sums are decoded by the SISO group 
and y-axis iteration results are generated (Step 10). The y-axis iteration results are 
multiplied by the y-axis feedback constant (Step 1 1). If this is the last full iteration (Step 
15 12) the final output is generated (Step 13). If this is not the last full iteration, the y-axis 
iteration results are stored in the difference array, overwriting the previous x-axis iteration 
results which were stored in the difference array, and the process is repeated by returning 
to Step 2. However, when reaching Step 3, the decoder will determine that this is not the 
first x-axis iteration, and the data from the x-rows of the original memory array will be 
20 summed with the y-axis iteration results which are stored in the difference array (Step 4). 

As explained in detail above, if tine decoder determines that it has completed the last 
full iteration (Step 12) the final output will be generated (Step 13). This is done by 
summing the y-axis iteration results with the previous x-axis results,, which are stored in the 
difference array, and the initial soft decision confidence values which are stored in the 
25 original array in order to generate final confidence values and hard decision values. 

As explained earlier, the turbo product code decoder of the present invention may 
also be used to decode bit streams which have been block encoded with three dimensional 
or higher encoding schemes. The process for decoding a bit stream of data which has been 
encoded with a three dimensional encoding scheme shall now be described in further detail. 
30 When decoding a three dimensional code or higher, the process for decoding is slightly 
different from the process used in decoding a two dimensionally encoded bit stream. 
Figure 3 illustrates the preferred embodiment of the present invention when utilized in a 
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three dimensional or higher decoding scheme. The same reference numerals are used as 
those in Figure 1 where appropriate. 

As shown in Figure 3, an input module 10 is coupled to an original array 20 which 
is partitioned into two sections 22 and 23. The operation of the original array 20 will be 
5 explained further herein. The original memory array 20 is coupled to a data multiplexer 
30. The data multiplexer 30 is further coupled to a first difference array 52, a second 
difference array 53, a SISO group 40, and a hard decision array 60. The hard decision 
array 60 is further coupled to an output module 70. 

In operation, an incoming transmission bit stream is received by a demodulator (not 
10 shown) and the bit stream is demodulated. An initial soft decision operation is performed 
at the demodulator and initial soft decision confidence values are generated for each bit in 
the bit stream. The initial soft decision operation makes an initial determination of whether 
each bit in the incoming transmission bit stream is a 1 or a 0 (a hard decision bit value) 
and assigns a soft decision confidence value to that determination. The soft decision 
15 confidence values are output by the demodulator and fed into the input module 10 of the 
decoder. These soft decision confidence value are output in a signed 2's complement 
notation, where the numerical value represents the soft decision confidence value and the 
sign represents the hard decision bit value. A (+) sign represents a hard decision bit value 
of a binary 1, while a (-) sign represents a hard decision bit value of a binary 0. These 
20 initial or original soft decision confidence values are then deinterleaved by the input 

module and stored in the original memory array. It is understood mat the incoming bit 
stream which was received by the demodulator was originally encoded with three different 
coding schemes in an x-axis direction, a y-axis direction, and a z-axis direction. The x- 
axis, y-axis and z-axis original soft decision confidence values are stored in the rows and 
25 columns of the original array 20. 

The original memory array 20 is preferably a standard static RAM design memory 
array organized into rows and columns of memory cells. The information in the original 
memory array 20 is stored in a 2's complement notation, as either a +M or -M, wherein M 
represents the confidence value, and the sign (+) represents a binary 1 , while (-) represents 
30 a binary 0. ..... ..; 

After these initial soft decision confidence values have all been stored in the 
original memory array 20, the initial x-axis soft decision confidence values are first fed out 
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through a data multiplexer 30 to the SISO group 40. The soft decision confidence values 
are fed out from the first section 22 of the original memory array 20 on an.x-row basis. 
The data multiplexer 30 feeds the information to the SISO group 40 (which is actually 
made up of four decoders arranged in parallel) using a unique accessing scheme so that 
5 four vector words in the x-rows can be decoded in parallel by the four decoders. This 
unique accessing scheme shall be described in further detail below. 

The decoder then decodes these initial soft decision values from the x-rows. The 
actual details of the decoding process are discussed in greater detail below; but, for now, it 
is understood that each SISO decoder in the SISO group 40 decodes by accepting the 
10 incoming vector and using the soft decision confidence values in the incoming vector to 
. generate both a soft vector and a hard vector. The soft vector is comprised of the soft 
decision confidence values without any (+ or -) signs, while the hard vector is comprised 
of actual hard decision bit values of binary "1 's" and "0*s" which are dependent upon the 
sign of the each incoming soft decision confidence value. The SISO decoder then 
IS performs a series of manipulations and calculations on both the soft vector and hard vector 
in order to generate a plurality of nearest neighbor codewords which differ from the 
incoming vector by a predetermined number of bit positions. Preferably, the decoder is 
able to generate nearest neighbor codewords which differ from the soft value words by four 
bit positions. Specialized nearest neighbor computation logic is used to perform thse 
20 manipulations and calculations in order to generate the nearest neighbor codewords without 
the use of a lookup table. A difference metric is then assigned to each of the nearest 
neighbor codewords and the nearest neighbor codeword having the smallest difference 
metric is then chosen as the "closest" nearest neighbor. Each bit in the "closest" nearest 
neighbor is then assigned a new confidence value. Finally, difference values are calculated 
25 by comparing the new confidence value for each bit in the mth position in the "closest" 
nearest neighbor with the initial soft decision confidence value of the bit in the same mth 
position in the incoming vector. * 

After the decoding process is completed for the four vectors in the x-rows, the 
SISO group 40 will output soft decision difference values for each^bit in the four soft value 
30 word. These soft decision difference values are passed back through the data multiplexer 
30, where they are multiplied by an x-axis feedback value, and stored in the first difference 
array 52. The information in the first difference array 52 is stored in a 2*s complement 
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notation, as either a +M or -M, wherein M represents the multiplied difference value and 
the sign (+ or -) represents a degree of change in confidence for the bit As an example, if 
the input value had a (+) sign, representing a hard decision bit value of binary 1, then the 
output value will have a (+) sign if the decoder determines that the bit value was a binary 
1 and deserves a higher confidence. However, if the decoder determines that the bit may 
not be a binary one, then a lower confidence value will be assigned and the soft decision 
difference value will have a (-) sign. Likewise^ if the input had a (-) sign, representing a 
hard decision bit value of binary 0, then the output value will have a (-) sign if the decoder 
determines that the bit value was a binary 0 and deserves a higher confidence. However, if 
the decoder determines that the bit may not be a binary 0, then a lower confidence value 
will be assigned and the soft decision difference value will have a (+) sign. 

The soft difference values from the x-axis iteration which are stored in the first 
difference array 52 are then summed with the original soft decision confidence values 
stored in the y-columns of the first section 22 of the original array 20, thereby generating 
y-axis input values. These y-axis input values are fed back into the SISO group 40, 
through the data multiplexer 30, on a column by column basis so that the y-axis can be 
decoded. The data multiplexer 30 feeds the information to the SISO group 40 in parallel 
using a unique accessing scheme so that four vectors in the y-columns can be decoded in 
parallel. This unique accessing scheme shall be described in further detail below. In the 
preferred embodiment, the present invention can handle up to four codewords at one time, 
although it is understood that the decoder may be configured to handle more than four 
codewords at one time. 

The decoder then decodes these y-axis input values. As explained earlier, each of 
the four decoders in the SISO group 40 decodes by accepting an incoming vector and using 
the y-axis input values in the incoming vector to generate both a soft vector and a hard 
vector. The soft vector is comprised of the absolute values for each of the y-axis input 
values - i.e. the numerical value of each y-axis input value without any (+ or -) signs. The 
the hard vector is comprised of actual hard decision bit values of binary "IV and "0V 
which are dependent upon the sign of the each y-axis input value. The SISO decoder then 
performs a series of manipulations and calculations on both the soft vector and hard vector 
in order to generate a plurality of nearest neighbor codewords which differ from the 
incoming vector by a predetermined number of bit positions. Preferably, the decoder is 
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able to generate nearest neighbor codewords which differ from the soft value words by four 
bit positions. Specialized nearest neighbor computation logic is used to perform thse 
manipulations and calculations in order to generate the nearest neighbor codewords without 
the use of a lookup table. A difference metric is then assigned to each of the nearest 
5 neighbor codewords and the nearest neighbor codeword having the smallest difference 
metric is then chosen as the "closest" nearest neighbor. Each bit in the "closest" nearest 
neighbor is then assigned a new confidence value. Finally, difference values are calculated 
by comparing the new confidence value for each bit in the mth position in the "closest" 
nearest neighbor with the initial soft decision confidence value of the bit in the same mth 

10 position in the incoming vector. 

After the decoding process is completed for each codeword in the y-columns, the 
soft decision difference values are passed back through the data multiplexer 30, where they 
are multiplied by a y-axis feedback value, and stored in the second difference array S3. 
Once again, the information in the second difference array S3 is stored in a 2*s 

1 S complement notation, as either a +M or -M, wherein M represents the multiplied difference 
value, and the sign (+ or -) represents the degree of change in confidence. . 

The soft decision difference values stored in die second difference array (y-axis 
iteration results) are thai summed with the soft decision difference values which are r stored 
in the first difference array (x-axis iteration results) and die original soft decision 

20 confidence values for die z-axis which are stored in the second section 23 of the original 
array 20, thereby generating z-axis . input values. These z-axis input values are then sent 
back into the SISO group 40 on a z-column basis so that the z-axis can be decoded. 

Once the four vectors for the z-axis input values has been decoded, soft decision 
difference values are output from the SISO group. These soft decision difference values 

25 are each multiplied by a z-axis multiplier, and stored in the first difference array 52. 

Accordingly, the soft decision difference values from the z-axis iteration overwrites the soft 
decision difference values from the x-axis iteration which were previously stored in the 
first difference array 52. 

The information which is stored in the second difference array (the y-axis iteration 

30 results) is then summed with the information in the first difference array (the z-axis 

iteration results), and the original x-row soft decision confidence values which are stored in 
the x-rows of the. first section 22 of the original array 20, thereby generating new x-axis 

21 



BNSOOCID: <WO 



0019616A2 I > 



WO 00/19616 W W PCT/US99/22441 

iteration input values. These new x-axis iteration input values are input to the SISO group 
40 on an x-row basis. The decoding of these new x-axis iteration input values will be the 
second x-axis iteration of decoding. The decoder has already, at this point, decoded all 
axes (x, y and z) one time. 
5 The soft decision difference values from this second x-axis iteration of decoding are 

then output from the decoder, multiplied by the x-axis multiplier, and stored in the second 
difference array 53. Thus, the soft decision difference values from this second x-axis 
iteration overwrite the previous y-axis iteration soft decision difference values which were 
previously stored in the second difference array 53. 

10 It is readily understood that this process of decoding x-rows, y-columns and then z- 

columns is continued for a x number of full iterations (wherein a full iteration is defined as 
the decoding of all three axes x, y and z) and further wherein x is a predetermined number 
of iterations chosen by the user. Upon completion of the xth full iteration (which should 
end upon the decoding of a z-axis), the results soft decision difference values from a last z- 

15 axis decoding should be summed with the soft decision difference values stored in the first 
difference array (which should be the last x-axis iteration difference values), the soft 
decision difference values stored in the second difference array (these should be the last y- 
axis iteration difference values), and the initial soft decision confidence values stored in the 
first and second sections 22 and 23 of the original array 20 in order to get a final 

20 confidence value for each bit (with the final sign of such value representing the binary 1 or 
0). This information is converted into a hard decision value (a binary 1 or 0) by the data 
multiplexer 30 and written to a hard decision array 60. The hard decision values are then 
output from the hard decision array 60 through the output module 70. 

Figures 4 illustrates an example of the iterative decoding process for a bit stream 

25 which has been encoded with a three dimensional coding scheme. Figure 4 shows an 
original memory array 400 which has been partitioned into two sections. Initial soft 
decision confidence values are stored in the original memory array 400 in x-rows, y - 
columns and z-columns. For simplicity, Figure 4 only shows a single soft value per 
location; but, it is understood that the actual original memory array of the turbo product 

30 code decoder preferably holds four soft value words per memory location. Figure 4 also 
only shows a single plane of fhe three dimensional array. 

In the decoding process, the x-rows are initially read out from the original memroy 
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array 400 on a row by row basis and decoded. As discussed earlier, soft decision 
difference values are generated for each bit in the codewords after the x-axis has been 
decoded. These values are multiplied by an x-axis feedback value and stored in a first 
difference array. Figure 4 shows these values stored in a first difference array 410. In 
5 decoding the y-axis, the initial soft decision values in the y-rows will be summed with the 
soft difference values in the first difference array and read out on a column by column 
basis. Accordingly, the (+3) in the first position of the original array 400 will be summed 
with the (+2) in first position of the first difference array, the (+6) in the next y-column 
position of the original array 400 will be summed with the (-4) in the next column position 

10 of the first difference array, the (+3) from the next y-column position in die original array 
400 will be summed with the (-1) from the next column position in the first difference 
array . . . and so on, until all the values in the first column have been added, thereby 
creating y-axis input values. These y axis input values are then decoded to generate y-axis 
soft decision difference values which are then multiplied by a y-axis feedback value and 

15 stored in a second difference array 420. 

Then, the difference values in the second difference 420 array are summed with the 
difference values in the first difference array 410 and the values in the z-columns of the 
original memory array 400, thereby creating z-axis input values. Accordingly, the (+3) in 
the first position of the second difference array 420 is added to the (+2) in first position of 

20 the first difference array and the (+3) in the first z-column position of the original memory 
array 400, thereby creating a (+9) z-axis input value. This process is repeated moving 
through the z-column. As explained earlier, the difference values in the second difference 
array 420 are added with the values in the first difference array 410 and the original soft 
decision values in the z-columns, thereby generating z-axis input values. These z-axis 

25 input values are then decoded and z-axis difference values are generated. 

The stop iteration criteria used by the decoder will now be described in detail. For 
each vector decoded by one of the SISO decoders, the SISO outputs a CORRECTION 
signal indicating that a hard decision correction was made on the vector. A hard decision 
correction occurs when either the input vector is corrected to a center codeword, or a 

30 nearby codeword has a smaller difference metric than the center codeword, and is therefore 
chosen for the output codeword. If neither of these conditions occur, then the SISO will 
not assert the CORRECTION signal. 
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When all vectors for a given axis (x-rows, y-columns or z-columns) have been 
decoded by the SISOs, and no SISO indicates that a correction was made, then that axis is 
declared clean. The decoder keeps a running count of the clean axes. This count is reset 
for each axis that has a SISO indicate that a correction was made. It is incremented for 
each axis that has no corrections. When the count is equal to the number of dimensions in 
the block (2 or 3 in the preferred embodiment), the decoder declares the block decoded. 
At this point, one addition axis iteration is performed to sum all difference values with the 
initial soft decision values. This sum is converted to a hard decision output which is 
written to the Hard Decision Array. 

If this is the last full iteration, the z-axis difference values will be output from the 
decoder, multiplied by a z-axis feedback vaue and added to the difference values in the 
first difference array 410, the values in the second difference array 420, and the original 
soft decision confidence values stored in the the x-rows, the y-columns and the z-columns 
of the original memory array 400, thereby creating final output values which will be 
15 converted to hard decision bit values. If it is not the last full iteration, the z-axis difference 
values will be stored in the first difference array 410, overwriting the values previously 
stored there, and the reiterative decoding process will continue. 

Assume for illustrative purposes only that the decoder did not indicate a last full 
iteration. In this case, the difference values from the z-axis iteration will be multiplied by 
20 a z-axis feedback value and stored in the first difference array, thereby overwriting the 
previous x-axis difference values which were stored in the first difference array after the 
last last x-axis iteration. Additionally, assume for illustrative purposes only that this has 
been done and the numbers contained in the first difference array of Figure 4 now 
represent the multiplied z-axis difference values. Oh the next x-axis iteration, the values in 
25 the rows of the first difference array 410 (the z-axis difference values) will be summed 

with the values in the rows of the second difference array (the y-axis difference array) and 
the values in the x-rows of the original memory array 400, thereby creating x-axis input 
values. Accordingly, the difference value (+2) in the first row position of the first 
difference array 410, will be summed with the difference value (+3) in the first row 
30 position of the second difference array 420 and the original soft decision confidence value 
of (+3) stored in the first x-row position of the original memory array 400, thereby creating 
an x-axis input value of (+8). The difference value (-1) in the second row position of the 
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first difference, array 410, will be summed with the difference value (+2) in the second row 
position of the second difference array 420 and the original soft decision confidence value 
of (+2) stored in the second x-row position of the original memory array 400, thereby 
creating an x-axis input value of (+3). The difference value (+3) in the third row position 
5 of the first difference array 410, will be summed with the difference value (-1) in the third 
row position of the second difference array 420 and the original soft decision confidence 
value of (-3) stored in the third x-row position of the original memory array 400, thereby 
creating an x-axis input value of (-1). This process continues until the entire x-axis has 
been decoded. 

10. After the entire x-axis has been decoded, the difference values from the x-axis 

iteration will then be multiplied by the x-axis feedback constant and stored in the second 
difference array 420, thereby overwriting the previous y-axis iteration difference values 
which were stored in the second difference array 420. 

As discussed above, after each axis iteration (x, y or z) the soft decision difference 

IS values which are output from that axis iteration are multiplied by an appropriate feedback 
value and summed with the original soft decision values in the original memory -array (in 
the case of three dimensional decoding the soft decision difference values from the two 
previous axis iterations are actually summed with the original soft decision data). The 
feedback value is different for each axis and is based upon the coding scheme and the 

20 number of full iterations desired. While the feedback value is different for each^axis, the 
feedback value for each axis does not change and remains constant per each axis iteration. 
Accordingly, the soft decision difference values which ate output after each x axis iteration 
will be multiplied by the appropriate x axis feedback value, the soft decision difference 
values which are output after each y axis iteration will be multiplied by the appropriate y 

25 axis feedback value, and the soft decision difference values which are output after each z 

axis iteration (in. 3 dimensional codes) will be multiplied by the appropriate z axis feedback 
value. 

As explained, each time any axis is fully decoded and soft difference values are 
generated, the soft difference values are multiplied by an appropriate x, y or z axis 
30 feedback value. Although the x, y and z-axis feedback values may. vary, the same x, y or z 
axis feedback value is always used each time that axis is decoded. Accordingly, every time 
the x-axis is decoded, the soft difference values are multiplied by the same x-axis feedback 

25 
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value, while each time the y-axis or z-axis is decoded, the difference values output will be 
multiplied by the same y-axis and z-axis feedback constants, respectively. The numerical 
value of each feedback value is determined in reference to the coding scheme and the 
number of full iterations desired. Generally, the higher the feedback value, the quicker the 
decoding process converges to a fixed hard decision bit value and, accordingly, less 
iterations are required. Conversely, the lower the feedback value, the slower the decoding 
process converges to a fixed hard decision bit value and, accordingly, more iterations are 
required. Preferably, the feedback values used for each code axis will preferably vary from 
1/4 to 1 1/16 depending upon the number of iterations desired and the type of 
communication systems in which the turbo product code decoder is utilized. 

< • Now that the overall operation of the turbo product code decoder of the present 
invention have been described for both two and three dimensional decoding, the specifics 
of the decoding process shall be discussed in further detail. Each time a decoding 
operation occurs, a group of four vectors is loaded into the SISO group, with each soft 
value in the word being represented with a W-axis input value (where the W-axis input 
value may be the x-axis input values, the y-axis input values, or the z-axis input values). 
These values are received into the SISO group of the present invention, with one soft value 
decoded by each of the four SISO decoders within the SISO group. The following will 
describe the operation of one SISO decoder. 

Initially, a hard decision is performed on each bit in the vector in order to generate 
a hard decision vector H. This hard decision vector H will be corrected using the 
redundancy of the code into a center codeword having a length N with a binary 1 or O in 
each bit location. The decoder will then identify the set J of nearby codewords of 
Hamming distance four from the center codeword. Preferably, the decoder of the present 
invention is designed to identify all nearest neighbor codewords of Hamming weight four, 
although it is understood that the decoder may be alternately designed to identify all 
nearest neighbor codewords which differe from the center codeword by an alternate 
Hamming wieght without departing from the spirit and scope of the invention. The set J 
of nearest neighbor codewords is identified by identifying those codewords having different 
or inverted bits in two fixed locations I, and I, as well as two variable locations I 3 and I 4 . 
The first two locations I, and I 2 will remain constant throughout the decoding process and 
are based upon the two bit locations within the center codeword which have the lowest 
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confidence values. The two other bit positions 1 3 and I 4 are each computed using 
computation logic implemented within the SISO group. 

Figure 5 shows a Mock diagram for the implementation of the computation logic of 
the SISO group which is used to identify the nearest neighbor codewords. As shown, the 
inputs I, and I 2 are coupled to a demultiplexer 220 and a multiplexer 275. The output of 
the demultiplexer 220 is coupled as an input to a syndrome computation logic module 230. 
The output from the syndrome computation logic module 230 is coupled as an input to an 
error location logic module 240. The output from the error location logic module is 
coupled to a first sequential shift register 250 and the multiplexer 275. The output of the 
multiplexer 275 is coupled to a second sequential shift register 260 and a used bit location 
vector U register 200 register. The used bit location vector U register 200 generates an 
output vector V. The output vector U is coupled to a priority encoder 210. A START 
signal is coupled to the Reset input of the vector U register 200 and is used to reset the 
vector U register 200. 

In operation, the START signal is pulsed and the vector U register 200 is reset, ; 
creating a first used location vector U of length N which initially contains all zeros at the 
output of the vector U register 200. The locations of the two fixed bits I, and I 2 are 
determined, these are the two bit positions having the lowest confidence value in the center 
codeword of length N, and fed into the computation logic. The same two bit positions 
within the first used location vector U are set to a binary one. The first used location? 
vector U is thai passed into the priority encoder 210. Starting with the bit location U[0] 
and moving toward the bit location U[N], the first used location vector U will be searched 
by the priority encoder for the first location with a bit 0. This will be bit location Ij. The 
bit location I 3 is fed through the multiplexer 275 and stored in the second sequential 
register 260 for output. The bit location I 3 is also input to the first sequential register 250 
for further processing. 

The demultiplexer 220 then receives all three bit locations I„ l 2 and I 3 and generates 
a second used location vector V of length N, with binary ones in the l„ 1 2 , and I 3 bit 
locations and binary zeros in every other bit location I 0 through 1 N . This second used 
location vector V is input into the syndrome calculation logic 230, which performs a 
Hamming code syndrome computation on the second used location vector V. The output 
from the syndrome calculation logic 230 is then passed into the error location logic module 
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240 which generates the location of the error bit from the Hamming code syndrome 
computation. This error bit location is used for the value of the I< bit location and is sent 
to the second sequential register 260 for output. The bit location I 4 in the second used 
location vector V is set to a binary 1. 

The values for I„ I 2 , I 3 , and l 4 are then all output from the second sequential 
register 260. Accordingly, the first nearest neighbor is found which has different bit values 
from the center codeword in these bit locations I„ I 2 , I 3 , and I, and the same bit values as 
the center codeword in all other bit locations. The process is then repeated with the second 
used vector V now being treated as the used vector U. Accordingly, the next I 3 and I 4 bit 
locations are calculated, with a new second used vector V, being generated. This process 
repeats until all of the nearest neighbor codewords have been identified. 

Once all of the nearest neighbor codewords in the set J have been identified, the 
decoder of the present invention will assign a difference metric (DM) to each individual 
nearest neighbor codeword The difference metric for each nearest neighbor codeword in 
15 the set of J nearest neighbor codewords is defined by the following relationship: 

DM Jlh - Z a«,a) a (I) for I = 0 to N. - 
The nearest neighbor codeword with the minimum difference metric (DM) will be 
temporarily stored as the "closest" nearest neighbor. The decoder will then perform an 
exclusive-or (XOR) operation between each bit in the center codeword and the 
corresponding bit in the "closest" neraest nearest neighbor codeword. The result of mis 
XOR operation, becomes the new output codeword. 

Each bit m of the new output codeword is men assigned a soft confidence value by 
the decoder. This soft confidence value is based upon the difference between difference 
metric values for the new output codeword as is and/or with the bit in the m^, position 
25 inverted. For example, if the new output codeword had a difference metric of (65) with 
the first bit in the 0th position being a binary 1 and the output codeword would have a 
difference metric of (72) with the first bit in the 0th position being a binary 0, then the 
difference between the first difference metric (65) and the second difference metric (72) is 
used to assign a new confidence value to the 0th bit position. 
30 Finally, the decoder will calculate a soft difference value for each bit in the new 

output codeword. This soft difference value represents the difference between the 
confidence value assigned to each bit m in the new output codeword and the confidence 



20 



28 



BNSOOC1D: <WO„. O019616A2 I > 



WO 00/19616 PCTAJS99/22441 

value assigned to each bit in the same bit position within the input codeword. It is this soft 
difference value which is actually output by the decoder on each iteration. This soft 
difference value is given a sign (+) or (-) to indicate the degree in change between the 
decision as to whether the bit is a corresponding binary 1 or binary 0. As described 
5 earlier, if the input value had a (+) sign, representing a hard decision bit value of binary 1, 
then the output value will have a (+) sign if the decoder determines that the bit value was a 
binary 1 and deserves a higher confidence. However, if the decoder determines that the bit 
may not be a binary one, then a lower confidence value will be assigned and the output 
will have a (-) sign. Likewise, if the input had a (-) sign, representing a hard decision bit 

10 value of binary 0, then the output value will have a (-) sign if the decoder determines that 
the bit value was a binary 0 and deserves a higher confidence. However, if the decoder 
determines that the bit may not be a binary 0, then a lower confidence value will be 
assigned and the output will have a (+) sign. . 

Accordingly, now that the each step in the decoding process has been explained, the 

15 complete steps for the decoding process of the turbo product decoder of the present » 

invention can now be set forth in complete order. In reviewing these steps, it is understood 
that the incoming vector is defined as the input to a SISO. On the first iteration, this 
incoming vector is comprised of a row from the initial soft decision data stored in 2's 
complement notation within the original array. On subsequent decoding iterations, this 

20 incoming vector is comprised of the previous iteration soft difference values, which are 
stored in 2's complement notation within the difference array(s), summed with the initial 
soft decision data. The steps for the actual decoding process are set forth in Figures 6a and 
6b as follows: 

1; For each incoming vector, initially generate a received vector wherein the 
25 received vector represents signed soft decision values for each bit in the incoming 

codeword. A positive sign represents a binary 1 bit and a negative sign represents a binary 
0 bit with the actual value representing the confidence value for that bit. 

2. Retrieve the received vector and generate a hard decision vector and an 
unsigned soft decision vector. The unsigned soft decision vector is actually identical to the 
30 received vector but without the (+) and (-) signs. Instead, absolute values are used in the 
individual bit positions. The hard decision vector is generated by placing binary n Vs" and 
"OV in each bit position with a negative (-) incoming soft decision value for a bit in the 
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codeword yielding a "0" hard decision bit value in the hard decision vector, and a positive 
(+) incoming soft decision value for a bit in the vector yielding a "P hard decision bit 
value in the hard decision vector. 

3. Compute the syndrome of the hard decision vector. 
5 4- Compute the 1 bit parity of the hard decision vector. 

5. If the syndrome calculation indicates that there is an error, correct the error 
by inverting the appropriate hard decision bit value in the hard decision vector and 2's 
complementing the unsigned soft decision value in the same bit position in the soft decision 
vector. 

10 6. If the parity was correct and step 4 required the hard decision bit value to be 

inverted, or if the parity was incorrect and step 4 did not require the hard decision bit value 
to be inverted, then invert the hard decision parity bit value in the hard decision vector and 
2's complementing the soft decision value for the last bit in the soft decision vector. 

7. Find the location of the two minimum values in the soft decision vector, 
1 5 these represent the bits with the lowest confidence value assigned, and designate these 

locations as LOW! and LOW2. As described earier, these bit positions are also referred to 
I, and I 2 . 

8. Replace the soft decision value at location LOW1 (I,) with the 2's 
complement of the soft decision value at location LOW2 (Ij) and replace the soft decision 

20 value at location LOW2 (Ij) with the 2's complement of the soft decision value at location 
LOW1 (I,). Furthermore, find the sum of these new soft decision values at locations 
LOW1 (I,) and LOW2 (I2) for later use. 

9. Compute the set of nearby codewords with Haniming weight 4 which have 
l'sih locations LOW1 (I,) and LOW2 (Ij). For (n, k) codes, this will yield a set of (n/2- 

25 1) codewords. Each of these nearby codewords will have a 1 in locations LOW1 (I,) and 
LOW2 (Ij), and two other locations (I 3 and I 4 ). These two other locations are to be 
designated Ncl (I 3 ) and Nc2 (I 4 ). As described earlier, these two other locations are also 
referred to as I 3 and I 4 . 

10. Find the sum of the soft decision values for bit locations Ncl (I 3 ) and Nc2 
30 (I 4 ) in the soft decision vector. Swap the soft decision value at location Ncl (I 3 ) with the 

soft decision value at location Nc2 (I 4 ). Repeat this procedure for each nearby codeword 
which was computed in step 9, 
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11. From the sums computed in steps 8 and 10, determine which soft decision 
value sum is the lowest and designate this sum as Mini. Determine which two bit 
locations created the sum Mini (i.e. which two bit locations within the soft decision vector 
gave the lowest sum) and designate these two bit locations as MinA and MinB. 

5 Furthermore, determine the next lowest soft value sum from steps 8 and 10, and designate 
this as Min2. 

12. Replace the value at bit location MinA in the soft decision vector with the 
value of Min2 minus the current value at bit location MinA. Replace the value at bit 
location MinB in the soft decision vector with the value of Min2 minus the current value at 

10 bit location MinB. Subtract the value of Mini from the values in all other bit locations in 
the soft decision vector. If the locations of Mini and Min2 are the same as the locations 
of LOW1 (I,) and LOW2 flj (independent of order), then the output codeword is the 
center codeword. Otherwise, invert the hard decision bits in die hard decision vector at 
location MinA, MinB, LOW1 (Ii) and LOW2 (IJ- 

IS 13. For each bit in the output codeword generate signed difference output j; 

values. This accomplished by 2's complementing all soft values in the soft decision vector 
at bit locations which correspond with bit locations in the hard decision vector having a 0 
in their location. The soft decision vector becomes the output vector. 

The SISO decoding steps arc broken down into three cycles in the implementation: 

20 the load cycle, the process cycle, and the unload cycle. The load cycle is executed in ^ 

clocks, where n, is the length, in bits of the vector to decode. The load cycle occurs as the 
data is being read from the initial and difference arrays. The load cycle executed the first 
steps of the decoding algorithm (steps 1 through 7). The second cycle also executes in n x 
clocks. The process cycle executes steps 8 through 1 1 of the decoding algorithm. The 

25 unload cycle also executes in n* clocks, and executes the remaining steps in the algorithm. 
These cycles are executed as the data is written to the difference array. 

The SISO hardware is segmented into three sub-blocks. Each sub-block executes 
one of the three cycles of the decode process. All three sub-blocks operate consecutively, 
thus allowing a single SISO to decode three vectors in parallel. It is designed as a pipe, 

30 where each stage in the pipe operates on one vector. After the pipe is full (two full vectors 
are loaded into the SISO), it executes all three cycles at once, each on a different vector. 
One vector is being loaded by the loader sub-block, while the previous vector is being 
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processed by the process sub-block, and another vector is being unloaded by the unloader 
' sub-block. 

As discussed earlier, in order to achieve a higher data processing rate, the turbo 
product decoder of the present invention includes a SISO group which decodes the data in 
5 parallel using four actual SISO decoders. Each axis iteration (x, y and z) is processed in 
parallel, thereby multiplying the overall data pass through rate of the decoder. In order to 
facilitate this parallel decoding, the invention accesses data from the original memory array 
and difference arrays using a unique accessing method. Figure 6 shows a 2-dimensional 
memory of the present invention which is intended to represent the structure of either the 
10 original memory array or either of the difference arrays. 

As illustrated in Figure 7, the original memory array and the difference arrays are 
structured RAMs having multiple memory locations. While Figure 7 shows only block 
representations of each memory location, it is understood that each block representation 
actually holds a plurality of memory cells sufficient to hold the entire four soft value word 
15 stored in each memory location. It is further understood that while Figure 7 only shows 

memory locations G 0 through G,„ both me difference arrays and the original memory array 
may have additional memory locations, and the same is not intended as a limitation but 
only as a reference in furtherance of the proceeding explanation. For a two dimensional 
code, the RAM will have 11,74 times n, locations with each location storing four soft values. 
20 For a three dimensional code, the RAM will have hJ4 times n,, times locations with each 
• location storing four soft values. 

As shown in Figure 7, the data is stored in the original array and the difference 
arrays in four soft value words. As explained earlier, each bit in the four soft value words 
is represented by an S soft decision value, with the S values stored in the original memory 
25 array representing the original demodulated soft decision data and the S values stored in 
the difference arrays representing the soft decision difference values between iterations. 
Further, as described earlier, all of the data in both the original array and the difference 
arrays is stored in a signed 2's complement notation. When the y-columns or z-columns of 
either the original array or the difference arrays are accessed for decoding, the first 
30 memory location G 0 is accessed and each one of the four different soft values is read into 
the SISO group and sent to each of the four separate SISO decoders, such that each of the 
separate SISO decoders has one soft value of the four soft value word stored in the 
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memory location. On the next decode access, G 4 is accessed. Once again, a four soft 
value word stored in the memory location G 4 is loaded into the SISO group and each of 
the four soft values in the codeword is sent to the four separate SISO decoders. On the 
third access, G 8 is accessed. Once again, the entire four soft value word stored in the 

.5 memory location G 8 is loaded into the SISO group and each of the four vectors is sent to a 
separate SISO decoder within the SISO group. Once decoding is accomplished for every 
location in the first column (memory location G 0 through memory location G l6 ), the 
process begins again for all of the memory locations in the second column G, through G 17 . 
As explained, this accessing scheme is used for both the original array and the difference 

10 arrays when decoding the y-columns or z-columns. Using this accessing scheme, the entire 
group of four vectors can be accessed using or RAM accesses. 

When the rows or x axis iteration is initiated, the turbo product code decoder of the 
present invention utilizes four row/column transformers, wherein each row/column 
transformer is coupled to a separate one of the four SISO decoders in the SISO group. . : 

IS These row/column transformers allow access of the data in the original array and the c ^ 

difference array at four vectors per clock signal. Initially, when accessing the x-rows, the ^ ^ 
information is read from the original array and the difference arrays from the first four 
memory locations in the first column G w G^ G 8 and G n . However, unlike the processing v 
of the y-columns and the z-columns, the four vectors from each location is stored in one of ^ 

20 the four row/column transformers. On the next clock cycle, the row/column transformers , ^ 

begin sending the words to the SISO decoders, with the one vector per clock being sent to 
the SISO decoders. When the first row/column transformer has decoded the entire word, 
the data from the memory locations in the first four rows in the second columns of the 
original array and the difference array G„ Gj, G 9 and G 13 is then loaded into the four 

25 row/column transformers. Note that this loading of the row/column transformer occurs at 
the same time that the data is sent to the SISOs. This means that the first row/column 
transformer is ready for the next word when it has completed sending the previous word to 
the SISO. The four row/column transformers are each bidirectional such that the soft 
decision difference values of each decode operation may be unloaded and passed back 

30 through the data multiplexer into the difference arrays, while the incoming values are 

loaded into the four row/column transformers for processing by the SISO decoders. Once 
all of the codewords in the first four x-rows have been decoded and the results stored in 
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the difference arrays, the data from the next four rows is loaded into the four row/column 
transformers in the same fashion until all of the x-rows have been decoded. 

This transformation scheme allows each of the four SISOs to receive one soft value 
per clock when decoding rows of the array, even though the rows of the array are stored in 
the RAM with four soft values per location. This is valuable because it allows the same 
SISO decoders to be used when processing rows, columns, or z-columns of the array. It 
also allows all four SISOs to operate at their maximum data rate when decoding each axis 
of the array, finally, this scheme works with standard static RAMs, and does not require 
any custom RAM features, and is therefore a very portable design. 

While the present invention has been described in terms of specific embodiments 
incorporating details to facilitate the understanding of the principles of construction and 
operation of the invention, such reference herein to specific embodiments and details 
thereof is not intended to limit the scope of the claims appended hereto. It will be 
apparent to those skilled in the art that modifications may be made in the embodiment 
chosen for illustration without departing from the spirit and scope of the invention. 
Specifically, it will be apparent to those skilled in the art that while the preferred 
embodiment of the turbo decoder for the present invention has been described in terms of 
two and three dimensional decoding, such a method of decoding can also be utilized in 
decoding data which has been encoded in a multi-dimensional pattern. It will also be 
apparent to those skilled in the art mat the values of the multiplying or feedback 
coefficients which are applied after each axis iteration may vary depending on the system 
requirements without departing from the spirit and scope of the invention. 
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CLAIMS 

What is claimed is: 



1 1. A turbo product code decoder comprising: 

2 a. means for storing a plurality of initial soft decision values, wherein 

3 the means for storing includes a predetermined number of memory cells 

4 arranged in x-rows and y-columns; 

5 b. means for retrieving and decoding the plurality of initial soft decision 

6 values stored in the x-rows, thereby generating a plurality of x-axis iteration 

7 values and outputting a plurality of x-axis results, wherein a single x-axis 

8 result within the plurality of x-axis results represents a numerical difference 

9 between a single initial soft decision value in the plurality of soft decision 

10 values and a single x-axis iteration value in the plurality of x-axis iteration 

11 values; 

12 c. means for summing the plurality of x-axis results with the plurality 

13 of initial soft decision values stored in the y-columns, thereby generating a 

14 plurality of y-axis input values; . r 

15 d. a means for decoding the plurality of y-axis input values, thereby 

16 generating a plurality of y-axis iteration values and outputting a plurality of | 

17 y-axis results, wherein a single y-axis result within the plurality of y-axis 

18 results represents a numerical difference between a single y-axis input value 

19 in the plurality of y-axis input values and a single y-axis iteration value 

20 within the plurality of y-axis iteration values. 

1 2. The turbo product code decoder as claimed in Claim 1, further comprising a 

2 first means for saving the x-axis results and a second means for saving the y-axis results. 

1 3. The turbo product code decoder as claimed in Claim 1, further comprising a 



2 means for multiplying each x-axis result within the plurality of x-axis results by an x-axis 

3 coefficient before summing the plurality of x-axis results with the plurality of initial soft 

4 decision values which are stored in the y-columns. 
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1 4- The turbo product code decoder as claimed in Claim 1, wherein the 

2 predetermined number of memory cells arranged in the x-rows and y-columns are further 

3 comprises memory cells arranged into z-columns, and further wherein the plurality of 

4 initial soft decision values are stored in the x-rows, the y-columns and the z-columns. 



1 5. 

2 a. 



The turbo product code decoder as claimed in Claim 4, further comprising: 
means for summing the plurality of x-axis results with the plurality 

3 of y _axis results and the plurality of initial soft decision values stored in the 

4 z-columns, thereby generating a plurality of z-axis input values; 

5 b - means for decoding me plurality of z-axis input values, thereby 

6 generating a plurality of z-axis iteration values and outputting a plurality of 

7 ■■ z-axis results, wherein a single z-axis result within the plurality of z-axis 

8 results represents a numerical difference between a single z-axis input value 

9 within the plurality of z-axis input values and a single z-axis iteration value 
10 within the plurality of z-axis iteration values.. 



1 6. 

2 



1 7 
2 



The turbo product code decoder as claimed in Claim 5 further comprising: 

a. means for summing the plurality of x-axis results with the plurality 
of y-axis results, the plurality of z-axis results and the plurality of initial soft 
decision values stored in the x-rows, y-columns and z-columns, thereby 
generating a plurality of final decision values; and 

b. means for generating a plurality of hard decision bit values, wherein 
a single bit value within the plurality of hard decision values is represented 
by a binary "1" or a binary "0" depending upon a corresponding final 
decision value within the plurality of final decision values. 



The turbo product code decoder as claimed in Claim 1 further comprising 
means for terminating interations of a decoding process upon reaching a predetermined 
3 number of iteration cycles. 
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1 8. The turbo product code decoder as claimed in Claim 1 further comprising 

2 means for automatically terminating iterations of a decoding process upon sensing a 

3 predetermined condition in the turbo product code decoder. 

1 9, The turbo product code decoder as claimed in Claim 8 wherein the 

2 predetermined condition is no further modifications to data will occur, 

1 10. The turbo product code decoder as claimed in Claim 1 further comprising a 

2 transformer for receiving row data and converting it to column data and vice versa, 

3 wherein the turbo product decoder can selectively operate on rows and columns. 

1 1 1. The turbo product code decoder as claimed in Claim 1 further comprising a 

2 transformer for receiving one of row data, column data and z-column data and selectively 

3 converting it to a selected one of another data type, wherein the turbo product decoder can 

4 selectively operate on rows, columns and z-columns. 

1 12. A turbo block code decoder for receiving an encoded message having a 

2 plurality of bits, and outputting a decoded codeword, the turbo clock code decoder 

3 comprising: 

4 a. means for receiving the encoded message, wherein each bit in the 

5 plurality of bits in the encoded message is represented by an initial soft 

6 decision value in a plurality of initial soft decision values; 

7 b. means for storing each initial soft decision value in the plurality of 

8 initial soft decision values coupled to the means for receiving; and 

9 c. means for iteratively decoding the encoded message coupled to the 

10 means for storing, wherein said means for iteratively decoding the encoded 

11 message retreives the plurality of initial soft decision values and calculates a 

12 new soft decision value for each bit in the plurality of bits, thereby creating 

13 a plurality of new soft decision values, and further wherein the means for 

14 iteratively decoding generates a soft difference value for each bit in the 

15 plurality of bits, thereby creating a plurality of soft difference values, 

16 wherein each soft difference value is equal to a numerical difference 
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17 between the new soft decision value for the bit and the initial soft decision 

18 ' value for the same bit 



1 13. 
2 



4 



The turbo block decoder of Claim 12, further comprising: 

a. means for multiplying each soft difference value in the plurality of 
3 soft difference values by an x-axis feedback constant; and 

b. means for summing the plurality of soft difference values with the 

5 plurality of initial soft decision values, thereby generating a plurality of 

6 second input values wherein each bit in the plurality of bits is represented by 
•7 a single second input value within the plurality of second input values. 

1 14. The turbo block decoder of Claim 12, wherein the initial soft decision value 

2 for each bit in the encoded message is stored in the means for storing in a signed 2's 

3 complement notation with the numerical value of the 2's complement notation representing 

4 an absolute confidence value for the bit and the sign of the 2's complement notation 

5 representing a hard decision bit value for the bit 

1 15. The turbo block decoder of Claim 12, wherein the means for iteratively 

2 decoding the encoded message includes: 

3 *• a soft-in/soft-out group having a plurality of soft-in/soft-out decoders 

4 arranged in parallel; and 

5 b. a difference memory array for storing the plurality of soft difference 

6 values. 

116. The turbo block decoder of Claim 15, wherein each soft-in/soft-out decoder 

2 in the plurality of soft-in/soft-out decoders includes a nearest neighbor computation logic 

3 module for generating a plurality of nearest neighbor codewords in the event the soft- 

4 in/soft-out decoder generates a hard decision corrected vector, and further wherein each 

5 nearest neighbor codeword in the plurality of nearest neighbor codewords has a same 

6 number of bits as the plurality of bits in the encoded message and differs from the hard 

7 decision corrected vector by a predetermined number of bit positions. 
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1 17. The turbo block decoder of Claim 16, wherein the predetermined number of 

2 bit positions is four and two of the bit positions remain fixed, while the other two bit 

3 positions may vary. 

1 18. A turbo block code decoder for receiving an encoded message having a 

2 plurality of bits and outputting a decoded codeword comprising: 

3 a* 311 input module for receiving the encoded message, wherein each bit 

4 in the encoded message is represented by an initial soft decision value; 

5 b. an original memory array coupled to the input module for storing the 

6 initial soft decision values; 

7 c. a soft-in/soft-out group coupled to the original memory array for 

8 . receiving the initial soft decision values and decoding the encoded message, 

9 wherein the soft-in/soft-out group calculates a new soft decision value for 

10 each bit in the encoded message and generates a soft difference value for 

11 each bit, and further wherein the soft difference value is equal to a 

12 numerical difference between the new soft decision value and the initial soft 

13 decision value; and 

14 d. a difference memory array coupled to the soft-in/soft out group for 

15 storing the soft difference values. 

16 r . r . _ ... . , s% ....' ; .> 

1 19. The turbo block decoder of Claim 18, wherein the initial soft decision values 

2 are stored in the original memory array in a signed 2's complement notation with a 

3 numerical value of the 2's complement notation representing an absolute confidence value 

4 and a sign of the 2's complement notation representing a hard decision bit value. 

1 20. The turbo block decoder of Claim 18, wherein the soft-in/soft-out group 

2 includes a plurality of soft-in/soft-out decoders arranged in parallel, and further wherein the 

3 initial soft decision values are arranged into a plurality of blocks with each block being 

4 decoded by one of the plurality of soft-in/soft-out decoders in order to generate the soft 

5 , difference value for each bit in the plurality of blocks. 
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1 21. The turbo block decoder of Claim 20, wherein each of the plurality of soft- 

2 in/soft-out decoders in the soft-in/soft-out group includes a computation logic module for 

3 generating a plurality of nearest neighbor codewords, wherein each nearest neighbor 

4 codeword in the plurality of nearest neighbor codewords differs from from the block being 

5 decoded by a predetermined number of bit positions. 

1 22 - A method of iteratively decoding a received block of data having a plurality 

2 of bits represented by a plurality of initial soft decision values, the method comprising the 

3 steps of: 

4 a storing the plurality of initial soft decision values in a memory 

5 having x-rows and y-columns; 

6 b - decoding the plurality of initial soft decision values stored in the x- 

7 rows, thereby creating a plurality of new x-axis soft decision values; 

8 c. generating a plurality of x-axis difference values, wherein said 

9 plurality of x-axis difference values represent a numerical difference between 

10 tke plurality of new x-axis soft decision values and the plurality -of initial 

1 1 soft decision values stored in the x-rows; 

12 d - multiplying the plurality of x-axis difference values by an x-axis 

13 feedback constant, thereby generating a plurality of x-axis iteration output 

14 values; 

15 e - summing the plurality of x-axis iteration output values with the 

16 plurality of initial soft decision values stored in the y-columns, thereby 

17 generating a plurality of y-axis input values; 

18 f. decoding the plurality of y-axis input values, thereby creating a 

19 plurality of new y-axis soft decision values; 

20 2* generating a plurality of y-axis difference values, wherein said 

21 plurality of y-axis difference values represent a numerical difference between 

22 ti» plurality of new y-axis soft decision values and the plurality of y-axis 

23 input values; and 

24 h. multiplying the plurality of y-axis difference values by a y-axis 

25 feedback constant, thereby generating a plurality of y-axis iteration output 

26 values. 
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1 23. The method of iteratively decoding as claimed in Claim 22, further 

2 comprising the additional steps of: ■ ■ 

3 h. summing the plurality of y-axis iteration output values wi ththe. 

4 plurality of x-axis iteration output values and the plurality of initial soft 

5 decision values stored in the x-rows and the y-columns, thereby generating a 

6 plurality of final output values; 

7 i. performing a hard decision operation on the plurality of final output 

8 values in order to generate an output codeword having a plurality of bits, 

9 wherein each bit is assigned as a binary "1" or a binary "0", and further 

10 wherein the assignment of each bit as a binary "1" or the binary "0" is based 

1 1 upon the plurality of final output values. 

1 24. A method of iteratively decoding a received block of data having a plurality 

2 of bits represented by a plurality of initial soft decision values, the method comprising the 

3 steps of: 

4 a. storing the plurality of initial soft decision values in a memory 

5 having x-rows, y-columns and z-columns; 

6 b. decoding the plurality of initial soft decision values stored in the x- 

7 rows, thereby creating a plurality of new x-axis soft decision values;^ 

8 c. generating a plurality of x-axis difference values, wherein said 

9 plurality of x-axis difference, values represent a numerical difference between 

10 the plurality of new x-axis soft decision values and the plurality of initial 

11 soft decision values stored in the x-rows; 

12 d. multiplying the plurality of x-axis difference values by an x-axis 

13 feedback constant, thereby generating a plurality of x-axis iteration output 

14 values; 

15 e. , summing the plurality of x-axis iteration output values with the 

16 plurality of initial soft decision values stored in the y-columns, thereby 

17 generating a plurality of y-axis input values; 

18 f. decoding the plurality of y-axis input values, thereby creating a 

19 plurality of new y-axis soft decision values; 

20 g. generating a plurality of y-axis difference values, wherein said 
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21 plurality of y-axis difference values represent a numerical difference between 

22 the plurality of new y-axis soft decision values and the plurality of y-axis 

23 • . ■ input values; and 

24 h. multiplying the plurality of y-axis difference values by a y-axis 

25 feedback constant, thereby generating a plurality of y-axis iteration output 

26 values. 

27 i. summing the plurality of y-axis iteration output values with the 

28 plurality of x-axis iteration output values and plurality of initial soft decision 

29 values stored in the z-columns, thereby generating a plurality of z-axis input 

30 values; 

31 j. decoding the plurality of z-axis input values, thereby creating a 

32 plurality of new z-axis soft decision values; 

33 k. generating a plurality of z-axis difference values, wherein said 

34 plurality of z-axis difference values represent a numerical difference between 

35 the plurality of new z-axis soft decision values and the plurality of z-axis 

36 input values; and 

37 1. multiplying the plurality of z-axis difference values by a z-axis 

38 feedback constant, thereby generating a plurality of z-axis iteration output 

39 values. 

1 25. The method of iteratively decoding as claimed in Claim 24, which includes 

2 the further steps of: 



3 a. summing the plurality of z-axis iteration output values with the 

4 plurality of y-axis iteration output values, and the plurality of x-axis iteration 

5 output values thereby generating a plurality of final output values; and 

6 to. performing a hard decision operation on the plurality of final output 

7 values in order to generate an output codeword having a plurality of bits, wherein 

8 each bit is assigned as a binary "F or a binary "0", and further wherein the 

9 assignment of each bit as a binary "1" or the binary "0" is based upon the plurality 
10 of final output values. 



42 



BNSDOCtD: <W<D _ 0019616A2 I > 



WO 00/19616 W WW PCT/US99/22441 

1 26. The method of iteratively decoding a received block of data as in Claim 24, 

2 wherein the step of decoding the initial x-axis soft decision values is accomplished by: 

3 a. receiving the plurality of initial x-axis soft decision values and 

4 generating an x-axis soft decision vector having a number of x-axis 

5 confidence elements and an x-axis hard decision vector having a 

6 corresponding number of x-axis hard decision elements, wherein the number 

7 of x-axis confidence elements and the corresponding number of x-axis hard 

8 decision elements is equal to a total number of x-axis soft decision values in 

9 the plurality of soft decision values; 

10 b. comparing the x-axis hard decision elements within the x-axis hard 

11 decision vector to each nearest neighbor codeword in a group of nearest 

12 neighbor codewords; and 

13 c. adjusting the x-axis confidence elements in the x-axis soft decision 

14 vector in relation to the results of the comparison. 

1 27. The method of iteratively decoding a received block of data as in Claim 26, 

2 wherein the step of comparing the x-axis hard decision element nearest neighbor codeword 

3 differs from the received block of data by a predetermined number of bits. T 

1 28. The method of iteratively decoding a received block of data as in Claim 26, 

2 wherein the step of comparing the x-axis hard elements within the x-axis hard decision 

3 vector includes the further steps of: 

4 a. assigning a difference metric to each nearest neighbor codeword in 

5 die group of nearest neighbor codewords based upon the comparison with 

6 the x-axis hard decision vector; 

7 b. storing the nearest neighbor codeword having a minimum difference 

8 metric; 

9 c. performing an exdusive-or operation between each bit in a center 

10 codeword and the corresponding bit in the nearest neighbor codeword with 

11 the minimum difference metric, in order to generate a new output codeword; 

12 cL assigning each bit in the new output codeword a soft confidence 

13 value based upon a difference between a first difference metric value for the 
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14 new output codeword as a second difference metric value for the new output 

15 codeword with a bit in the position inverted; and 

16 e - generating a soft difference value for each bit in the new output 

17 codeword by calculating a difference between the soft confidence value 

18 assigned to each bit in the new output codeword and the soft decision value 

19 assigned to each bit in the same bit position within the block being decoded. 

1 29 - A method of decoding a linear block encoded string of bits into legitimate 

2 codewords comprising the steps of: 

3 a. receiving the linear block encoded string of bits and converting the 

4 string into a plurality of codewords wherein each codeword is made up of N 

5 bits; 

6 b * performing a soft decision calculation on each bit in each codeword 

7 and generating a soft decision vector for each codeword wherein the soft 

8 decision vector is made up of soft decision values for each bit which 

9 represent the confidence that each bit has been received correctly; 

10 c. comparing each codeword to all possible legitimate codewords by 

1 1 generating nearest neighbors which represent a select number of the 

12 legitimate codewords wherein the select number of legitimate codewords 
*3 differ from the codeword by X bits. 

1 30. A method for decoding a linear block encoded string of information bits 

2 comprising the steps of: 

3 a - receiving the linear block encoded string of information bits and 

4 converting the string into codewords of length N; 

5 k* performing hard and soft decisions on each codeword in order to 

6 generate a hard decision vector h of length N and a soft decision vector c of 

7 length N, wherein the soft decision vector represents the reliability of the 

8 information in the hard decision vector; 

9 c. computing the syndrome of the hard decision vector h; 

10 d - computing the 1 bit parity of the hard decision vector h; 

11 e. if the syndrome calculation indicates that there is an error in the hard 
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12 decision vector, correcting the error by inverting the appropriate hard 

13 decision bit value in the hard decision vector and 2's complementing the soft 

14 decision value in the same bit position in die soft decision vector; 

15 f. if the parity was correct and step e required the hard decision bit 

16 value to be inverted, or if the parity was incorrect and step e did not require 

17 the hard decision bit value to be inverted, inverting the appropriate hard 

18 decision bit value in the hard decision vector and 2*s complementing the soft 

19 decision value for the last bit position in the soft decision vector; 

20 g. finding the location of the two minimum values in the soft decision 

21 vector and designating these locations as LOW1 and LOW2, then replacing 

22 the soft decision value at location LOW1 with the 2's complement of the 

23 soft decision value at location LOW2 and replacing the soft decision value at 

24 location LOW2 with the 2*s complement of the soft decision value at 

25 location LOW1; 

26 h. finding the sum of the new soft decision values at locations LOW1 

27 and LOW2 in the soft decision vector for later use; 

28 i. computing the set of nearby valid codewords with Hamming weight 4 

29 which have Ts in locations LOW1 and LOW2; for (n, k) codes, this will 

30 yield a set of (n/2-1) codewords with each of these nearby valid codewords 

31 having a 1 in locations LOW1 and LOW2 and two other locations which are 

32 designated Ncl and Nc2; 

33 j* finding the sum of the soft decision values in locations Ncl and Nc2 

34 in the soft decision vector; 

35 k. swapping the soft decision value at location Ncl with the soft 

36 decision value at location Nc2 and repeat steps j and k for each of the 

37 nearby valid codewords which were computed in step i; 

38 1. from the sums computed in steps h and j, determining which soft 

39 decision value sum is the lowest and designate this as Mini; 

40 m. determining which two bit locations created Mini (i.e. which two bit 

41 locations within the soft decision vector gave the lowest sum), and designate 

42 these two bit locations as MinA and MinB; additionally, determine the next 

43 lowest soft value sum from steps i and k, and designate this as Min2; 
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n * replacing the value at bit location MinA in the soft decision vector 

with the value of Min2 minus the current value at bit location MinA, and 
replacing the value at bit location MinB in the soft decision vector with the 
value of Min2 minus the current value at bit location MinB; 

°- subtracting the value of Mini from the values in all other bit 

locations in the soft decision vector in order to generate an output codeword 
— if the locations of Mini and Min2 are the same as the locations of LOW1 
and LOW2 (independent of order), then the output codeword is the center 
codeword and if the locations Mini and Min2 are not the same as the 
locations of LOW1 and LOW2 (independent of order) then invert the hard 
decision bits in the hard decision vector at locations MinA, MinB, LOW1 
and LOW2; 

P- for each bit in the output codeword generating a new signed soft 

value vector, this accomplished by 2's complementing all soft values in the 
output codeword at bit locations which correspond with bit locations in the 
hard decision vector having a 0 in their location and creating the new signed 
soft value vector. 



3 1 * Th e method for decoding a linear block encoded string of information bits as 

claimed in Claim 30, wherein the step of computing the set of nearby valid codewords with 
Hamming weight 4 which have l's in locations LOW1 and LOW2 includes the steps of: 
a. creating a first used location vector U of length N which initially 

contains all zeros in each bit position; 
b - selecting a first fixed bit position and a second fixed bit position and 

setting each of these bit positions within the first used location vector U to a 
binary one; The first used location vector U is then passed into the priority 
encoder 210; 

c * starting with the bit location U[0] and moving toward the bit location 

U[N], searching the first used location vector U for a first zero bit location 
having a binary 0; 

d - generating a second used location vector V of length N, with binary 

ones in the first fixed bit position, the second fixed bit position and the first 
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zero bit location, and binary zeros in every other bit location; 

e. performing a Hamming code syndrome, computation on the second 
used location vector V and computing an error bit location of the Hamming 
code syndrome computation; 

f. generating a nearest neighbor with different bit values from the center 
codeword in the first fixed bit position, the second fixed bit position, the 
first zero bit location and the error bit location and the same bit values as 
the center codeword in all other bit locations. 
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The present invention 
is a turbo product code 
decoder capable of decoding 
multi-dimensional coding 
schemes. The decoder may 
be implemented in any digital 
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of receiving an encoded 
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is configured for receiving soft 
decision values. The decoder 
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generating new soft difference 
values for each axis-iteration 
of decoding. These soft 
difference values represent the 
change in soft decision values 
after each axis-iteration. The 
soft difference values from 
each axis-iteration are then 
summed with the original soft 
decision values in decoding 
each of the other axis. After 
any full iteration — ije. after 
all axis dimensions have been 
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decoded one full time, Che previous difference values for any axis are discarded when that axis is decoded in subsequent iterations. 
Accordingly, the same mfortnauon is not continuously fed into the decoder during each subsequent iteration, thereby decreasing the 
likelihood of error and offering an improvement over prior decoders. Moreover, using unique nearest neighbor computation logic, the 
decoder of the present invention is able to generate valid nearest neighbors more efficiently without requiring the use of a look-up table, 
thereby reducing the amount of time required to decode. Finally, the decoder of the present invention utilizes four decoders arranged in 
parallel along with a unique memory array accessing scheme such that multiple rows or columns may be decoded at the same time, 
thereby increasing the data throughput time of the decoder over prior turbo product code decoders. 
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